The present work is an approach to the analysis of cofiring systems with pelletized forest and pelletized refused-derived fuel (RDF). RDF is obtained from municipal solid wastes and contains a biomass fraction and a nonorganic fraction (plastic). As a first step, characterization of both fuels is given to define their properties. A special feeding system is also used to improve the stove plant and to allow distribution that maintains a constant rate between both fuels. The high ash content of RDF promotes the occurrence of sintered compounds and worsening of the combustion process (less contact between fuel and oxidizer). An increase in emissions of pollutants (especially CO) and a decrease in yield have also been observed. Emissions of NOx remain quite stable and the SO2 concentration is not relevant. Nevertheless, the joint behavior in this kind of boiler system is possible and the viability of the process can be studied in later works, always in a limited work area that can be defined as 0.5 < mP < 1.7; 0 < %RDF < 10; 1.6 < n < 1.8.
INTRODUCTION
Biomass has been considered a clean energy since vegetable carbon fixation was demonstrated to be one of the most important CO 2 sinks, by means of the lightindependent reaction of photosynthesis (Basshman and Calvin, 1957) . That is known as the CO 2 balanced cycle or the CO 2 neutral fuel. If development of operation policies is established in order to minimize the generation time opposed to biomass employment time, renewable energy can be found. Therefore, greenhouse effect emissions reduction (Krupa and Kickert, 1989) and sustainable development can be achieved by using heat and power generation from biomass. External energy dependence on other countries can also be reduced, thereby reducing vulnerability.
Biomass definition includes all materials of organic origin whose generation is recent, as well as the biodegradable part of waste, and even decommissioned rocket fuels. Environment commissions databases all over the world and several works in the literature have shown the environmental problem in recycling or eliminating the high rate of solid wastes generated. Special problems are observed close to densely populated areas due to the extreme growth of the population in recent years and the high standard of living. Hence, reduction of wastes becomes an important issue that must be tackled. Valorization of refused materials is a possible solution to obtain energy; but on the other hand, with some drawbacks in the form of emissions.
Cofiring is often understood as a combustion where coal and another fuel are used; but, in this case, it is defined as a combustion where the mixture between two or more fuels takes place independently of their nature (coal is not necessary). This technology is useful to increase the use of biomass (Granada et al., 2006) and in particular cases of waste valorization in a traditional biomass plant where substitution of normal fuel can be achieved, thereby obtaining reductions in the cost of the unitary energy generated. Otherwise, creation of a specific plant to valorize refuse-derived fuel (RDF) could be economically unviable. References of cofiring coal and municipal solid waste (MSW) in different boilers (Dong, 2002; Frankenhaeuser et al., 1994) claims that no excessive increment in emissions can be expected if low rates of m . RDF are mixed, but overall behavior of small-scale systems is still not well known.
The objectives of this work are to give an approach analysis to the behavior of cofiring systems using a mixture of wood pellet and RDF pellet whose origin is municipal solid waste. Suitable working limits must be established in order to delimit the work area for later extensive works and to demonstrate the whole system's viability.
EXPERIMENTAL

Wood Pellet
The main problems in employing wood biomass can be reduced by pelletizing the fuel (Moran et al., 2004) . Transport and storing costs are minimized, handling is improved, and the volumetric calorific value is increased. Homogeneity and compaction contribute to achieving a better fuel quality. The wood fuel used in this work comes from a mixture of different forest woods and its composition can be seen in Table I .
The high oxygen content of lignocellulosic fuels will also reduce the need for combustion air. The low ash content provides a clean and stable combustion that is aided by the use of lignin as the only agglutinant and a reasonably low content in sulfur and chlorine that will prevent the formation of harmful emissions. Thermal conductivity was estimated (Tanaka, 2000) by bibliographic formulas based on pellet density and verified in different references.
Another important parameter to characterize solid fuels is the particle size. The usual simplified hypothesis of identical particles will give rise to significant errors. That is the main reason why a granulometric characterization is proposed. Several distributions have been used to characterize solid fuels (Weibull and Gaudin-Schauhmann), but the most commonly used one for particles created from fragmentation (Gbor and Lia, 2004 ) is the Rosin-Rammler distribution. It can be expressed as
where λ and k are the adjusting coefficients obtained experimentally; λ = 11.77
[mm] ≈ 1.96d p and k = 2.185. The difficulty in handling the smallest particles (dust) was overcome by creating an F 0 family, which is not included in the analysis. Y is the mass fraction of every group; it represents the probability of finding, in a random sample, one pellet with the characteristics of the group. See Table II .
RDF Pellet
The other fuel studied in this work is a noncommercial one, made of MSW, and is in an experimental phase. This fuel contains biomass and some nonorganic compounds. It has some of the problems related to wood biomass, especially low volumetric calorific value and high heterogeneity. More significant characteristics of this fuel are the higher ash content (14%) and ultimate analysis, which is quite similar to that of wood pellet, except for the fact that the chlorine concentration is ~3%. Table III shows the fundamental properties of the RDF fuel.
Although a large range of correlations are available to predict the high heating value of the fuel, and since reliable experimental data has not yet been obtained for RDF, Eq. (2), proposed by Channiwala and Parikh (2002) , has been considered suitable. Likewise, the lower heating value is achieved by Eq. (3).
RDF is also pelletized, to offer all the advantages of this pretreatment, thereby making its adaptation to the boiler-stove plant easier. This RDF is obtained following the scheme of Figure 1 . The first step is the selection from MSW, where noncombustible materials (glass, wire, etc.) are eliminated. In the next step, the sample is dried and ground until the compacting phase is reached and plastic is used as agglutinant. A small addition of water is necessary in order to increase compaction.
Regarding the granulometry, Rosin-Rammler distribution was again chosen. Adjustment was made to minimize the quadratic error while paying attention to F2 0.083 < l/dp ≤ 0.417 1.5 0.0366 F3 0.417 < l/dp ≤ 1.5 5.75 0.4032 F4 1.5 < l/dp ≤ 2.5 12 0.3792 F5 2.5 < l/dp ≤ 3. reduce the difference in those values with a higher mass fraction. The constants found were λ = 14.65 ≈ 1.127d p and k = 6.02. Figure 2 is a graphical representation of the distribution. The axis shows the relation between the mean length and the diameter fraction (l/d), and the accumulated mass fraction Y _ _ . This distribution is quite similar to that found in wood pellets. The difference lies in the higher content of small particles and dust and a mean particle diameter that approximately doubles the aforementioned one and will determine particle behavior in the fixed bed during combustion. A different diameter size will vary the heat flow to the particle core. Thus, the dry phase and pyrolysis phase will last longer, depending on this diameter. The internal structure of the bed will also influence this behavior. Also, the high rate of small fuel particles will increase the fuel loss as they are blown out of the bed. In the case of RDF pellets, family division (Table IV) was established in seven groups plus the G0 group, which includes dust fuel. The G4 group represents fairly the maximum mass fraction.
Small Boiler-Stove Plant
The experimental part of the work has been carried out in a small-scale pellet boiler-stove plant (~20 kW) thoroughly described in previous works (Granada et al., 2006; Morán et al., 2004; Míguez et al., 2002) . Efficiency and emission production in this kind of boilers are largely determined by the automation level (control and regulation). A good resume of the state of the art in this kind of boilers can be seen in Obernberger and Thek (2006) with special view to the combustion technology, condensation boilers, measures and developments to reduce flue emissions, and the automation. In this work, the experimental plant includes a fixed-bed furnace with an automatic feeding system (Fig. 3) . Pellets are fed by a conveyor belt, with a two-compartment hopper that prevents the fuels from mixing. The control system is fulfilled by several automatic controls with variable-speed drives. Supervisory control and data acquisition (SCADA) is used to store and process all data. Although the experimental plant is an indoor facility that can be used either as a stove or a boiler solution, in this case its real goal is
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FIGURE 3 General configuration and scheme of the plant. Indicated temperatures are mean values for an unsteady normal process whose conditions are: mp = 0.5 g/s, n = 1.8, %RDF = 10%, Power ≈ 6.5 kW, η boiler ≈ 75%. No recirculation or secondary air supply.
to produce hot water, so its availability will only be subject to the boiler normative. Therefore, the task will be to comply with the general EN 303-5. The arrangement of the hopper takes the appearance of Figure 4 . A conventional screw conveyor is substituted by a rubber belt and the hopper is divided into two cavities. Changes are described in Granada et al. (2006) . The main objective is to control separately the fuel rate of both pellets by means of two lock gates and a single electric motor.
Methodology
The present investigation aims only toward the identification of a work and an approximation to the cofiring systems with RDF and wood pellets. The methodology to be used maintains the same strategy of past works that developed this plant (Moán et al., 2004) . Thus, an experimental design is set up to reduce the number of tests and to minimize the economical and time efforts. Tests were chosen to be orthogonal in order to allow the statistical posttreatment, with a special view to the factors and to the values that had to be analyzed to produce an optimal first approximation to the system's behavior.
Delimiting the maximum and minimum values that the factors must adopt will be the first step. Operational factors are those that can be controlled. Although there are several, experience has shown that in order to found a first approximation they can be reduced to three main parameters: net mass flow (m P ), air excess supply (n), and, in this case, the percentage of RDF that is mixed (%RDF). All these initial values have to be established according to the physical limits of the boiler. mP will varied between 0.5 and 1.7 [g/s]. The lower limit depends on the feeding system regulation capacity while the superior limit depends on the maximum energy the system is able to dissipate. With the highest mP, the maximum mixture of RDF that can be fed is 30%. Otherwise, a high ash content will promote bed shutter and consequently a burner overflow and the finish-off combustion. Finally, an air excess range from 1.4 (140%), the minimum air supply for a practical combustion, to 1.8 (180%), which provides enough air to produce a stable process.
RESULTS
The main parameters that allow us to analyze the stove plant behavior are the boilers' efficiency (η boiler ) and the flue gas emissions that are measured instantaneously, with
The first results can be seen in Figure 5 . The graph on the left (Fig. 5a) shows the main parameters that influence the efficiency of the boiler. As can be seen, the higher the %RDF ratio, the lower the efficiency. Besides, an increase in the air excess ratio means that the performance of the plant improves and reaches a more complete oxidation of carbon and therefore a better energy optimization. These results are also represented in the data of the graph in Figure 5b 
case, emissions from cofiring are analyzed in relation to n and %RDF. As the rate of RDF increases, performance of the overall system decreases. Incomplete emissions (CO) increases and hence the efficiency of the process diminishes.
The main reason to explain the worsening in the combustion process is the high heterogeneity of RDF pellets and its high ash content. Both factors contribute to obstruct the contact between fuel and oxidizer. The ashes absorb heat from the bed, thereby lessening the bed energy. Moreover, a greater air excess ratio is needed in order to reach the same oxidation level, which cools the whole bed and increases the harmful effects of the ashes.
In cofiring, it is assumed that the higher the content of RDF pellets, the higher the economical savings. On the other hand, the worsening of the process and the increase in emissions has to be taken in account. In order to select a comprise to allow the viability of the system, it is necessary to find out the relation between these parameters. By quantifying the relation between efficiency loss and the increment of emissions, a dimensionless factor can be defined (η boiler /CO). The trend line can be seen in Figure 6 . The fact that the emissions increase can be regarded as a drawback to the improvement of the efficiency of the boiler. The progression of this parameter suggests a smaller disadvantage by minimizing the %RDF ratio. It seems that a working mixture should be established in the range of 0-10%RDF.
Regarding the emissions species, a Testo 350 analyzer was chosen to be used in this work because it allows us to measure the conventional pollutants (NO, NO x , CO 2 , O 2 , SO 2 , and CO) with a low time sampling. CO 2 is calculated FIGURE 6 Dimensionless parameter η boiler /CO evolution.
from O 2 . A problem appears in CO measurements due to their high values as a consequence of using the RDF pellet so that the analyzer becomes saturated. Dilution had to be induced in order to reduce pollutant concentration. Afterward, dilution was corrected by using specific software developed for this work.
Emissions of sulphur dioxide (SO 2 ) were so low that the analyzer could not detect them. This result is a consequence of the low content of sulfur, revealed by the ultimate analysis. The formation of nitrous oxides (NO x ) are usually not a problem in this kind of systems. As can be seen in Figure 7 , flue gas concentration (100-300 ppm) with respect to a 6% O 2 hardly fluctuates. These values represent approximately the nitrogenous content of the pellets. It can be stated that the main formation of NO x comes from the fuel NO mechanism (Porteiro, 2005) . In this case, temperatures are not high enough to dissociate N 2 from the atmospheric air and since the nitrogenous content of the pellets is not really problematic, formation of this species is not a major issue. Nevertheless, a slight increment in NO x formation can be observed when the ratio of %RDF feeding grows.
Extremely harmful organic compounds such as polyaromatics (dioxin and furan among them) should be analyzed. High chlorine content could induce a substantial formation of those particles. In general terms, the better the combustion process and the less formation of PAH (McKay, 2002) . Although several studies have attempted to find a correlation between CO and NO x with PAH (Weber et al.; 2002 , Khalfi, 2000 , they have not been conclusive, so the prediction of PAH formation is not accurate. In addition to that, analysis of HCl emissions in the flue gas is also a necessary analysis, which will be thoroughly addressed in future works.
A sintering phenomenon appeared that had not occurred in previous studies using wood pellets alone. Elements with high boiling points, that are especially present in the ashes, are not volatilized in the initial phases of combustion (Al, Si, Ca, Fe, Ti) so that they form ash agglomerates. We observed that particles are bonded to each other and considerably large-sized aggregates are formed. (Zheng and Kozinski, 2000) . The initial assumption was that compounds formed by these elements are in an oxidated form and not in the form of chlorides since the Gibbs free energy is lower in an oxide state (Alpor, 1971) . A spectrographic analysis confirms this hypothesis. So silicon dioxide (SiO 2 ), alumina (Al 2 O 3 ), calcium oxide (CaO), and others are the main fuse materials that work as ash agglomerates.
An explanation for this sintering formation with RDF not present in the combustion of wood pellets is illustrated in Figure 8 . Both pellets have a similar ash content of high-boiling-temperature oxides (~75%). The difference lies in the weight of these groups in the total mass of the fuel. For wood fuel, this content represents 0.8 × 0.7 = 0.56% of the total, whereas for RDF it reaches 0.8 × 14 = 11.2%. Consequently, the mass of oxides is substantially higher, making the appearance of sintering easier. The formation of these aggregates makes the effects of the ash more evident. The difficulty to combine the fuel and the oxidizer increases because ashes cannot be blown out of the bed. The bed is blocked and the whole combustion process is disturbed.
CONCLUSIONS
During the realization of this study, several issues have been found, tackled, and overcome. First of all, the usual method to measure flue emissions was not enough to confront the high values that appeared in cofiring wood pellets and RDF pellets. To solve this, the dilution of the flue gas was introduced in the flue sample and then corrected via software. On the other hand, regulation, control of the boiler-stove plant, and fuel handling did not represent a special problem thanks to the improved feeding system, which easily allows us to work with mixtures of different pelletized fuels.
We can conclude that an increase in the %RDF ratio produces a worsening in the efficiency of the boiler and consequently an increment in CO emissions due to the reduction of fuel oxidation. Nevertheless NO x is hardly affected by RDF feeding. A similar result occurred when sulphur dioxide was measured, where no significant concentrations were found.
The main explanation for the worsening of the combustion process when the %RDF feeding is increased is its high ash content and the appearance of sintering compounds. These particles reduce the contact of the fuel with air, reducing the bed energy and hindering the overall combustion process. A solution to this problem has not yet been developed, so further research is needed. The use of some additives may reduce the formation of these compounds.
The most promising work area is in the range of 0-10%RDF, with a slightly higher than normal air excess ratio (1.6-2) and a net mass fuel still in the range of 0.5-0.7 g/s. 
